Abstract. Tubers of Helianthus tuberosus L. are dormant after production in the late fall until the next spring. In the wild, tuber dormancy is broken after exposure to winter cold, resulting in sprouting and shoot development in the spring when conditions are favorable. The dormancy period typically limits H. tuberosus populations to one growth cycle per year. An efficient method for breaking tuber dormancy is needed to have an additional growth cycle per year in a breeding program, which could take place in winter in the nursery or the greenhouse allowing for increased breeding efficiency. The objective of this research was to compare chemical and cold temperature treatments for artificially breaking tuber dormancy in 12 genotypes of H. tuberosus and interspecific hybrids of Helianthus annuus L. 3 H. tuberosus. Five cold exposures (2, 4, 6, 8, 10 weeks at 2 8C), three plant hormones (ethylene, cytokinin, and gibberellic acid), and one untreated control were examined. Gibberellic acid was the best chemical treatment, initiating plant growth within 6.5 to 11.5 days in the majority of genotypes tested. The best cold treatment was exposure to 2 8C for 8 weeks, where plant growth began 63.6 to 67.5 days after treatment initiation. Although longer cold treatments shortened the time to emergence while in the greenhouse, the penalty of the long cold treatment per se was too long to be useful. The gibberellic acid treatment strategy described here may not need further optimization, because it is short enough to allow for two growth cycles of H. tuberosus per year.
Plant propagule dormancy ensures that plant growth occurs during optimal environmental conditions. Plants use environmental cues such as shortening photoperiod, colder temperatures, and mild drought to regulate growth habit. Dormancy is generally broken by consistent changes in the environment that lead to favorable growing conditions (i.e., a response to erratic environmental changes could lead to plant death). Dormancy is defined as the suspension of active growth in meristematic tissue (Kalberer et al., 2006) . There are three general types of dormancy (Lang, 1987) : endodormancy, paradormancy, and ecodormancy. Endodormancy is related to physiological factors within plant organs, paradormancy is related to physiological factors outside the affected plant organs but within the plant, and ecodormancy is related to environmental factors. Helianthus tuberosus L. is thought to be regulated by endodormancy (Kays and Nottingham, 2008) . The biochemical mechanisms that affect the tuber dormancy period have been well studied in H. tuberosus and these studies have implicated an increased level of polyamines in actively growing tuber cells relative to dormant tuber cells (Bagni and Serafini-Fracassini, 1985; Kays and Nottingham, 2008; Tassoni et al., 2010) .
Breaking dormancy artificially is important for propagation of plants outside of field or wild conditions. The use of cold treatments to break dormancy among different ecotypes of H. tuberosus was studied during the first half of the 20th century (Boswell, 1932; Steinbauer, 1932 Steinbauer, , 1939 Traub et al., 1929) . H. tuberosus tubers quantify exposure to cold, and once the cold period has reached a certain length, the tubers initiate growth (Kays and Nottingham, 2008) . The time required to break dormancy for H. tuberosus is dependent on ecotype and ranges between 30 and 200 d (Steinbauer, 1939; Traub et al., 1929) . Cold acclimation temperatures between -2 and 5°C have been recommended, because tubers rot above 5°C and freeze below -2°C (Whiteman, 1957) .
Various chemical treatments have also been studied with regard to breaking tuber dormancy in both Helianthus and Solanum species. In potato (Solanum tuberosum L.) tubers, ethanol caused apical bud dormancy to be broken more quickly than in untreated controls (Claassens et al., 2005) . In H. tuberosus, an ethanol treatment caused apical bud dormancy to be masked (during treatment tuber cell growth occurred), but after the ethanol treatment stopped, cell growth stopped and dormancy was restored (Petel et al., 1993) . 2,4-dichlorophenylacetic acid has been shown to break dormancy in cultured H. tuberosus tuber cells (Bennici et al., 1982) . In potato tubers, ethylene and gibberellic acid have been implicated in both breaking dormancy and initiating growth after dormancy, but the role of these hormones has not been clearly defined (Coleman, 1998) . Cytokinins have been implicated in the maintenance of dormancy in potato tubers (Coleman, 1998) . Because these hormones have been implicated in potato tuber dormancy, they may have similar effects on the tubers of H. tuberosus. H. tuberosus has an important history as a specialty food crop. Initial breeding efforts date back to the 17th century although the first systematic breeding program did not begin until the early 20th century (Kays and Nottingham, 2008) . The major goal of these breeding programs has been to increase tuber yield and inulin content. Inulin, the primary storage carbohydrate of H. tuberosus, is proposed as a source of carbohydrate that will help fight the obesity epidemic because inulin is of low caloric value and can be helpful to digestion (Kays and Nottingham, 2008) . In addition, H. tuberosus has been used as a resource for disease and insect resistance in Helianthus annuus L. breeding programs (Charlet and Brewer, 1995; Hulke and Wyse, 2008; Miller and Gulya, 1987) . Cultivated H. annuus is the world's second largest hybrid crop in acreage and is the fifth highest yielding oil seed crop (Jan and Seiler, 2007) .
Recently, there has been interest in increasing landscape ecosystem services through the use of perennial crops (DeHaan et al., 2005; Hu et al., 2003; Hulke and Wyse, 2008; Sacks et al., 2003; Wang et al., 2009) . One of the promising wild species being investigated for creating a perennial sunflower crop is H. tuberosus. Interspecific hybrids between H. annuus and H. tuberosus also show promise as breeding material for a perennial crop. Hybrids have been shown to have potential for both biomass and tuber production (Kays and Nottingham, 2008) . In addition, hybrids have substantial variation in seed, agronomic, and tuber traits (Kays and Nottingham, 2008) . Despite the large amount of research on tuber dormancy in H. tuberosus, the dormancy requirement has not been characterized for interspecific hybrids. It has been difficult to break dormancy in the interspecific Helianthus tubers, delaying the breeding process with these materials by making it difficult to grow more than one generation per year. The goal of this research was to determine a reliable method to break tuber dormancy in genotypes of wild H. tuberosus and in interspecific hybrids of H. annuus 3 H. tuberosus to have two full growth cycles per year.
Materials and Methods
Plant material. Twelve genotypes corresponding to three different genomic backgrounds of H. tuberosus [wild H. tuberosus, H. tuberosus 3 H. annuus, and H. annuus 3 (H. tuberosus 3 H. annuus)] were examined (Table 1) . Genotypes were selected from populations collected and developed in 2003 by Hulke and Wyse (2008 (Kays and Nottingham, 2008) . One tuber was planted per pot with all tubers of any given genotype being harvested from the same clone that had fully senesced and had produced viable seed.
Cold treatment. The first experiment was designed to identify the optimum duration of cold treatment needed to break tuber dormancy. The experimental design was a randomized complete block with a split plot arrangement of treatments with four replicates. The cold period duration treatments were arranged as the whole plots, whereas genotypes were arranged as the subplots. Genotypes exhibited flowering times covering the entire season in Minnesota within H. tuberosus (Table 1) . Tubers were collected from the field in mid-Oct. 2009, planted in cone-tainers (Stuewe & Sons Inc., Tangent, OR) in Sunshine professional growing mixÒ (Sun Gro, Seba Beach, Alberta, Canada), and then placed in a cold acclimation room at 2°C with no lights in early Nov. 2009. Depth of planting was 1.25 cm below the soil surface. After being placed in the cold room, tubers were removed after 2, 4, 6, 8, and 10 weeks and placed in the greenhouse with 14 h daylength at 24°C. Control tubers received no cold acclimation and were placed directly into the greenhouse. All tubers were scored for number of days to sprouting after initiation of treatment. A positive score was a sprout visible above the soil surface. We did not dig up unsprouted tubers at the end of the experiment nor did we test them with a hormone to see if they were still viable. The control tubers were maintained until all of the plants from the cold treatments had flowered.
Hormone treatment. The second experiment examined breaking tuber dormancy by use of a chemical plant hormone treatment. The experimental design was a randomized complete block with three replicates in a split plot arrangement of treatment. Whole plots were hormone and subplots were genotype. Hormone treatments were chosen as representative of treatments used to break seed dormancy in several species (Biddington and Thomas, 1976; Koyuncu, 2005; Miller, 1987; Rehman and Park, 2000) and tuber dormancy in Solanum tuberosum (Coleman, 1998) .
Three hormones were evaluated: ethylene, cytokinin, and gibberellic acid. Ethylene was applied by soaking tubers overnight in a 1% aqueous ethephon solution (ProxyÒ; Bayer Environmental Science, Research Triangle Park, NC). Ethephon has been used to promote preharvest ripening in fruit and has been shown to decompose to ethylene in plant tissue (Epstein et al., 1977) . Cytokinin was applied by soaking the tubers for 90 to 120 s in a 2000 ppm aqueous cytokinin solution (6-benzylamino purine; Sigma-Aldrich, St. Louis, MO). Gibberellic acid was applied by soaking tubers for 90 to 120 s in a 2% aqueous gibberellic acid solution (4% ProGibbÒ; Valent, Memphis, TN). After treatment, the tubers were planted in 5-cm pots in Sunshine professional growing mixÒ (Sun Gro), 1.25 cm under the soil surface, and placed in a greenhouse with 14 h daylength at 24°C. All tubers were scored for days to sprouting after initiation of the hormone treatment and scored in the same way as the cold experiment. Statistical analysis. Statistical analysis was conducted using R Statistical software package (R Development Core Team, 2008) . Treatment means were separated using a Fisher's protected least significant difference. A significance level of P # 0.05 was used to determine treatment differences. Two models were tested for each treatment program: one with a linear covariate for flowering date and one without this covariate. When replicate tubers did not germinate, they were treated as missing data; however, the gibberellic acid, ethylene, 8-week and 10-week cold treatments had no missing data.
Results
Cold treatment. The effect of cold treatment was measured as the total time from treatment initiation to tuber sprouting in the greenhouse. The ideal cold treatment would be the minimum duration treatment that breaks dormancy of all genotypes. Not all genotypes sprouted under all cold treatments (Fig. 1) ; most (67%) required a pretreatment to stimulate growth. Not all genotypes sprouted in response to the shorter cold treatments (2 through 6 weeks). These data support previous research showing that tuber dormancy varies among H. tuberosus genotypes (Steinbauer, 1932 (Steinbauer, , 1939 . The 2-week treatment produced the earliest overall emergence (Fig. 2) . However, only nine of the 12 genotypes emerged after the 2-week treatment. The 8-week treatment was the shortest cold treatment under which all genotypes sprouted. This emergence, however, was not until 63.6 to 67.5 d after treatment initiation. However, if the time of treatment is not considered, then the genotypes sprouted in 7.6 to 11.5 d in response to the 8-week cold treatment. In addition, complete emergence (100%) from all genotypes and tubers was not observed until the 8-week treatment (Figs. 1 and 3) . Plant growth proceeded normally through anthesis and reproduction after all cold exposures.
Hormone treatment. All hormone treatments resulted in more rapid sprouting than the untreated control (Fig. 2) . Gibberellic acid treatment resulted in significantly faster tuber sprouting than ethylene treatment, which caused significantly faster tuber sprouting than cytokinin treatment (Fig. 2) . All genotypes sprouted under the ethylene and gibberellic acid treatment, which initiated growth within 9.8 to 20.5 d and 6.5 to 11.5 d, respectively.
The cytokinin treatment caused tubers to sprout in 14 to 25.2 d; however, not all genotypes sprouted (JA 318F failed to sprout) (Fig. 4) .
There was a genotype-by-hormone interaction indicating that genotypes responded differently to plant hormones. The interaction is mostly the result of rankwise differences between the ethylene and the cytokinin treatment, except in the case of JA318F in which the interaction occurred among all three treatments. JA318F was the only genotype that did not sprout earliest under the gibberellic acid treatment (Fig. 4) . The percentage of H. tuberosus genome in the genotypes did not seem to have an effect on response to chemical hormone, because some of the earliest and latest plants to emerge were interspecific hybrids (Fig. 4) . Plant growth was somewhat atypical after each of the hormone treatments because multiple shoots were generated from a single tuber. However, if plants were trimmed to a single shoot per tuber, plant growth appeared to proceed normally through anthesis and reproduction.
Flowering time and dormancy. When genotypes were grouped by flowering time during the growing season (early, intermediate, or late season), there was no difference in how they developed after cold or hormone treatment. There was no interaction between hormone treatment or cold treatment and flowering time. The flowering time covariate was not significant with P = 0.17 and P = 0.15 for cold and hormone treatments, respectively.
Discussion
The goal of this project was to determine the fastest method for breaking dormancy in H. tuberosus tubers. Ideally, an optimized method would allow researchers to evaluate or increase materials under greenhouse or winter nursery conditions and have new mature tubers ready to induce and plant for the next growing season (i.e., allowing for two growth cycles per year rather than one) (Fig. 5) . Bearing this goal in mind, we chose to evaluate the treatments based on the total amount of time from treatment initiation to plant emergence in the greenhouse (Fig. 2) . By this measure, all three chemical treatments outperformed even the best cold treatment. Although longer cold treatments shortened the time to emergence in the greenhouse, the penalty of the long cold treatment per se was too great to complete two growth cycles per year (Fig. 5) . Moreover, the ethylene and gibberellic acid chemical treatments induced sprouting among all genotypes and tubers tested, whereas only the longest cold durations (8-and 10-week treatment) were able to break dormancy in all genotypes and tubers tested (Fig. 3) .
Among the chemical treatments, the most effective plant hormone for breaking dormancy was gibberellic acid. Nearly every genotype tested exhibited the most rapid sprouting under the gibberellic acid treatment, with the exception of JA 318F, which sprouted most rapidly in response to ethylene. It remains an interesting question whether altering the dosage of any of these hormonal treatments may shorten the time to break dormancy below that of our current gibberellic acid treatment (as a 2% aqueous solution). However, that question may be irrelevant because the gibberellic acid treatment broke tuber dormancy in less than 3 weeks and allowed us to achieve two full growth cycles on all genotypes in 2010 to 2011. The gibberellic acid treatment accomplishes the goal of getting two full growth cycles per year from H. tuberosus and interspecific Helianthus hybrids. 
